These authors contributed equally to this work Background: Yes-associated protein (YAP) is downstream of the Hippo signaling pathway, which regulates several cellular processes. P53 is a key transcriptional regulator that responds to a variety of cellular stresses and regulates key cellular processes such as DNA repair, cell-cycle progression, angiogenesis, and apoptosis. Overexpression of YAP antagonizes P53 activity and targets its expression. However, the mechanism that underlies the post-transcriptional crosstalk between P53 and YAP has not been well dissected. Methods: We performed an integrated analysis and found that SIRT1 is a key candidate that connects YAP and P53 by modulating their acetylation. Results: We found that YAP promotes P53 deacetylation, promotes cell survival by inhibiting P53-induced G0/G1 arrest and apoptosis in A549 cells. Conversely, P53 enhances YAP acetylation, and decreases A549 cell survival by strengthening YAP acetylation-induced G0/ G1 arrest and apoptosis both in vitro and in vivo. Conclusion: Our results demonstrate that SIRT1 is responsible for YAP and P53 deacetylation of specific residues, and reveal for the first time, a new regulatory mechanism of P53 and YAP crosstalk by SIRT1-mediated deacetylation, which may be involved in lung tumorigenesis.
Introduction
Yes-associated protein (YAP) is a downstream effector molecule of a newly emerging pathway called the Hippo pathway. 1 YAP and TAZ, two closely related transcription co-activators, are mediated by Hippo kinases and adaptor proteins. 2 The Hippo pathway is evolutionarily conserved and a central regulator of organ size and tissue homeostasis. It responds to a variety of extracellular and intracellular signals, reading a broad range of mechanical cues, from shear stress to cell shape and extracellular matrix rigidity, which it then translates into cell-specific transcriptional programs. 3 It is heavily involved in the control of cell proliferation, organ size and shape during development, stem cell maintenance, metastasis, tissue regeneration, apoptosis, senescence, and differentiation. 4 Other factors also regulate it, such as cell density and polarity, metabolism and DNA damage. [5] [6] [7] Hippo crosstalk with other signaling players so that it resembles a network rather than a linear pathway, such as JAK-STAT3 and fat signaling. 8, 9 P53 protein is a well-known tumor suppressor factor that regulates cellular homeostasis, as well as several signaling pathways involved in a cell's response to stress, and regulates cellular homeostasis. 10 Moreover, it becomes activated through several post-translational modifications such as, phosphorylation, sumoylation, acetylation and prolyl-isomerization. 11 P53 is a modular protein harboring with four functionally different domains: the N-terminal transactivation domain, which is essential for binding to transcription factors and regulators of P53 activity; 12 the core DBD domain, which allows the binding to DNA; the oligomerization domain (OLD), which is relevant for the tetramerization of P53, and the C-terminal domain or regulatory domain (RD), which is involved in post-translational modifications (phosphorylation, acetylation, ubiquitination and sumoylation). 12 Recent studies have shown that the P53 and Hippo pathways are physically and functionally connected. They have been shown to modulate common transcriptional programs and pathways that preserve cellular and tissue homeostasis in healthy conditions. ChIP assay results indicate that YAP binds directly to the p53 promoter to improve its expression, which results in P53-dependent cycle arrest and apoptosis. 13 The nuclear YAP induces p21, Bax and Caspase 3 expression and inhibits the anti-apoptotic factors Bcl-2 and Bcl-xL. 13 Besides this transcriptional crosstalk between P53 and YAP, recent studies have revealed another mechanism that underlies the crosstalk between P53 and YAP. Central to the Hippo pathway is a core kinase cascade of the tumor suppressors MST1/2 and LATS1/2, and the adaptor proteins SAV1 and MOB1/2. 14 These proteins form a conserved kinase cassette "Hippo", which typically functions by phosphorylating and inactivating the transcriptional co-activators YAP and TAZ. 15 Recently, LATS2 and its paralog LATS1, have been shown to contribute to tumor suppressive features of P53, also under basal conditions. 16 These findings suggest the complexity of the various mechanisms underlying P53 and YAP crosstalk.
SIRT1 is a protein involved in the deacetylation of key histone lysine residues, including histone H3 lysine 9 (H3K9) and histone H4 lysine 16 (H4K16), thus regulating gene expression that governs cell fate. 17 Besides SIRT1's epigenetic role being implicated in the regulation of the chromatin state for the expression of specific genes, it also deacetylates many transcriptional factors in a NAD+-dependent manner, including P53. 18 Many key cellular events are regulated through the SIRT1-P53 interaction. 19 Elevated SIRT1 deacetylates activated P53, allowing cells with damaged DNA to proliferate and thus, promoting tumor development. 19 One recent study showed that, SIRT1 deacetylates YAP2 protein in hepatocellular carcinoma (HCC) cells, and SIRT1-mediated deacetylation increases the YAP2/ TEAD4 association. This led to YAP2/TEAD4 transcriptional activation and upregulated cell growth in HCC cells. 20 Although a acetylation/deacetylation cycle of nuclear YAP exists downstream of the Hippo signaling pathway, 21 the mechanism that underlies this post-translational crosstalk between P53 and YAP, and the role of this P53-SIRT1-YAP axis controlling of cell cycle transition and apoptosis, is still unknown.
We utilized A549 cell lines and examined the importance of SIRT1's involvement in the post-translational crosstalk between P53 and YAP. We then disected the feedback loop between these two signaling pathways in maintaining cell cycle arrest and apoptosis. Our study clarifies the effect of SIRT1-induced deacetylation of P53 and YAP on cell growth and identifies the mechanisms responsible for these effects in A549 cells, while shedding new light on the post-translational interaction between P53 and YAP, which may be involved in lung tumorigenesis.
Materials And Methods

Cell Culture And Reagents
The human A549 cells were purchased from the Shanghai Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The cells were maintained at 37°C with 5% CO 2 in a humidified atmosphere and grown in Dulbecco's modified Eagle's medium (HyClone Laboratories; GE Healthcare, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Methyl methane sulfonate (MMS) and 2, 6-diisopropylaniline (DIPA) were purchased from Sigma.
Plasmid Construction And Transfection
The pIRES2-EGFP-p53 WT Plasmid, pFLAG-YAP1 Plasmid, Flag-SIRT1 Plasmid were purchased from Addgene (#49242, #66853, #1791). All the Plasmids were confirmed by DNA sequencing and transfected into A549 cells using Lipofectamine 2000 reagent (Invitrogen, CA, USA). The cells were transfected when they reached 70-80% confluence and were harvested after 48 hrs.
RNA Interference
A549 cells were transfected with siRNA using Lipofectamine 2000 reagent (Invitrogen, CA, USA) according to the manufacturer's instructions. siRNAs specific for P53, YAP and SIRT1 were purchased from Santa Cruz (sc-29435, sc-38637, sc-40986, America). Control siRNA of P53, YAP and SIRT1 were purchased from Santa Cruz (sc-37007).
Real-time Quantitative Polymerase Chain Reaction
Total RNA was extracted by Trizol (Invitrogen Life Technologies, Carlsbad, CA, USA). Briefly, 1 μg RNA was used to synthesize cDNA using a kit (Thermo Fisher Scientific, Rockford, IL, USA). The primer sequences were as follows: P21, F, 5ʹ-TGTCCGTCAGAACCCA TGC-3ʹ, R, 5ʹ-AAAGTCGAAGTTCCATCGCTC-3ʹ; P27, F, 5ʹ-AACGTGCGAGTGTCTAACGG-3ʹ, R, 5ʹ-CCCTCT AGGGGTTTGTGAT TCT-3ʹ; BIM, F, 5ʹ-TAAGTTCT GAGTGTGACCGAGA-3ʹ, R, 5ʹ-GCTCTGTCTGT AGG GAGGTAGG-3ʹ; PUMA, F, 5ʹ-GCCAGATTTGTGAGAC AAGAGG-3ʹ, R, 5ʹ-CAGGCACCTAATTGGGCTC-3ʹ; Cyclin E, F, 5ʹ-AAGGAGCGGGACACCATG A-3ʹ, R, 5ʹ-ACGGTCACGTTTGCCTTCC-3ʹ; Connective Tissue Growth Factor (CTGF), F, 5ʹ-CAGCATGGACGTTCG TCTG-3ʹ, R, 5ʹ-AACCACGGTTTGGT CCTTGG-3ʹ; MYC, F, 5ʹ-GGCTCCTGGCAAAAGGTCA-3ʹ, R, 5ʹ-CTGCGTAGTTG TGCTGATGT-3ʹ; DIPA, F, 5ʹ-GAA TCGGCGGGCCATTCAT-3ʹ, R, 5ʹ-CTGAGC TTTTATTG TGTGGGAGA-3ʹ; GAPDH, F, 5ʹ-TTTGTCAAGCTCA TTTCCTG-3ʹ, R, 5ʹ-TGGTCCAGGGTTTCTTACTC-3ʹ. GAPDH was employed as the internal control. The expression of candidate genes was measured by SYBR Green (Takara Biotechnology Co., Ltd., Dalian, China), and realtime PCR assays were performed using ABI-7300 (Applied Biosystems, Shanghai, China). The relative gene expression was calculated by the 2 −ΔΔCt .
Cell Cycle Progression Assay
Cell cycle analysis was performed by flow cytometry. A549 cells were harvested, fixed, treated with RNase A (50 μg/mL) and stained with propidium iodide (10 μg/mL). Cellular DNA content was analyzed using flow cytometry (FACS Canto II, BD Biosciences, USA).~10,000 cells were acquired for each analysis, and results were analyzed using ModFit LT TM software (version2) and displayed as a histogram.
Apoptosis Assay
Cell apoptosis was detected by Annexin V-FITC/PI double-staining. Annexin V-FITC/PI staining was used for the quantitation of early and late apoptotic cells. A549 cells were stained with annexin V-FITC (0.2 mg/mL) and PI (0.05 mg/mL) for 20 mins and were examined by flow cytometry (FACS Calibur, BD Biosciences) using Cell Quest pro software at an excitation with 488 nm laser and emission at 530 nm. A minimum of 10,000 cells was analyzed per sample and illustrated as a dot plot using Flowing software.
Western Blotting
The total protein was extracted from cells after transfection using RIPA buffer. The extract was centrifugated for 15 mins at 4°C at 1,4000 g. The upper supernatant was then collected, and protein concentration was assessed by the bicinchoninic acid (BCA) method. After, the protein was electrophoresed in SDS-polyacrylamide gels (Invitrogen, CA, USA) and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, USA). The membranes were blocked with 5% non-fat milk and incubated with the primary antibody overnight. TBST buffer was used to wash the membrane three times. The membrane was then incubated with the corresponding secondary antibody conjugated by horseradish peroxidase (HRP) for 1 hr. Images were captured by ChemiDoc XRS (Bio-Rad, CA, USA). The antibodies used in the present study were: anti-p21 (1:2000, Abcam, ab109520), anti-Bim (1:2000, Abcam, ab32158), anti-SIRT1 (1:1000, Abcam, ab110304), anti-PUMA (1:5000, Abcam, ab33906), anti-YAP1 (1:20000, Abcam, ab52771), anti-CTGF (1:500, Santa, sc-365970), anti-cyclin E (1:500, Santa, sc-247), anti-c-Myc (1:2000, Abcam, ab32), anti-DIPA (1:500, ABGENT, AP9120c), anti-pan acetyl-lysine antibody (1:1000, Cell Signaling Technology, #9441), anti-P53 (acetyl K382) (1:1000, Abcam, ab75754), anti-P53 (acetyl K373) (1:5000, Abcam, ab62376), anti-P53 (acetyl K370) (1:1000, Abcam, ab183544), anti-P53 (acetyl K120) (1:100, Abcam, ab78316), anti-YAP (acetyl K494) (1:500, in-house), anti-YAP (acetyl K497) (1:500, in-house), anti-GAPDH (1:5000, Abcam, ab8245), anti-gamma H2A.X (phospho S139) antibody [9F3] (ab26350) and anti-acetyl Lysine (1:500, Abcam, ab80178).
Immunofluorescence A549 cells were cultured on a glass coverslip and fixed with 4% paraformaldehyde in PBS at room temperature.
After treatment with 0.2% Triton X-100 in PBS, the cells were incubated with blocking solution (5% bovine serum albumin in TBS) before incubation with primary Abs for 1 hr at room temperature. Cells were washed with PBS and incubated for 1 hr with Alexa 488-or 546-conjugated secondary Absolute. After PBS washes, coverslips were mounted and viewed on a Carl Zeiss confocal microscope equipped with LSM510 software.
Ingenuity Pathway Analysis
Protein-protein interaction networks were built by Core Analysis and Network Analysis of the online IPA@ software package (Version 8.7). (https://www.qiagenbioinfor matics.com/products/ingenuity-pathway-analysis).
The network size parameters were set in order to optimize visualization and analyze the biologically relevant background. Networks analysis can provide a quick solution to assess the data of interest in regulatory networks. Usngi IPA Core Analysis and Network Analysis, we built a P53 Acetylation network, YAP Acetylation network, P53 Singling pathway and YAP Singling pathway. We used the Cytoscape software to visualize the interaction of these networks. 22 
In Vivo Tumorigenesis In Nude Mice
Animal experiments were approved by the Ethical Committee of Animal Research at Chinese PLA General Hospital. The experimental protocol was established according to the associated national guidelines from Ministry of Science and Technology of China. The effects of YAP on the in vivo tumorigenic ability was investigated by tumor xenograft experiment. A total of 1 × 10 6 A549 cells with different treatment (WT, YAP or P53 OE and YAP or P53 KD) in 0.2 mL RPMI 1640 medium were subcutaneously injected into the dorsal flanks of 4-6week-old male BALB/c nu/nu mice. The mice were maintained in a barrier facility on HEPA-filtered racks and fed with an autoclaved laboratory rodent diet. Each experimental group contained 10 mice. Tumor size was monitored using a calliper in the process of tumor growth and measured every 3 days. After 5 weeks, mice were killed and tumors were excised and weighed. Tumor volumes were calculated as follows: volume = (D × d 2 )/2, where D is the longest diameter and d is the shortest diameter.
Statistical Analysis
All the quantitative data are presented as means ± standard deviation (SD). The statistical significance levels for all tests were set as *P < 0.05, **P < 0.01 and ***P < 0.001. For multiple group comparisons, ANOVA with post hoc Dunnett's test was used. Student's t test was used to perform comparisons between two groups. All analysis was performed using GraphPad Prism 5 software (GraphPad Software, Inc., LaJolla, CA, USA). All experiments were repeated three times. 21 
Results
Integrated Analysis Identified Crosstalk Between The Acetylation Of YAP And P53
To dissect the crosstalk between the acetylation of YAP and P53 signaling, we performed an integrated analysis on the basis of Ingenuity Pathway Analysis (IPA) and content-analysis-based literature reviews, and constructed the "P53 Acetylation network" (based on 289 published papers retrieved from a search using the key word, "P53 Acetylation"), the "YAP Acetylation network" (based on 22 from doing a search for "YAP Acetylation"), the "P53 Signaling pathway" and the "YAP Signaling pathway" (based on IPA) ( Figure 1A -C). In the P53 Acetylation network, histone acetyltransferase P300 and CBP can acetylate P53 and increase its activation. In contrast, several histone deacetylase (HDAC) family members, including SIRT1, HDAC1, HDAC2, HDAC3, HDAC6, and HDAC8, can deacetylate P53 and inhibit its activation. 21 Interestingly, P53 can also suppress SIRT1 via HIC1 and Myc, forming a negative feedback loop ( Figure 1A ). In the YAP Acetylation network, histone acetyltransferase P300 and CBP can acetylate YAP. On the contrary, several HDAC family members, including SIRT1 and HDAC1 can deacetylate YAP and inhibit its activation 23 ( Figure 1B ). Interestingly, YAP can also enhance SIRT1 via Myc, forming a positive feedback loop. Together, these results suggest that the common acetylases and deacetylases between P53 and YAP may form a steady-state network, which is maintained primarily by the crosstalk between P53 and YAP ( Figure 1C ).
YAP Promotes P53 Deacetylation
To investigate the regulation of P53 acetylation in response to DNA damage, we treated A549 cells with the S N 2 alkylating agent methyl methane sulfonate (MMS) and used anti-P53 Ab to immunoprecipitated endogenous P53 from lysates of MMS-treated A549 cells, the control group was set as the one with IgG antibody. We performed immunoblotting using anti-pan-AcK Ab, which specifically recognizes acetylated lysine residues. Other DNA damage agents, such as H 2 O 2 , Cisplatin, N-methyl-N'-nitro-N-nitrosoguanidine, and nitrosomethylurea may not lead to the acetylation of YAP (data not shown). The time-and dose-dependent kinetics of P53 acetylation assays, as well as the γH2AX levels showed that MMS treatment induced marked increases in levels of acetylated P53; MMS treatment with 1mM for 2 hrs was the optimal condition for subsequent experiments (Figure 2A) . These results show that endogenous P53 is acetylated in response to MMS treatment.
To confirm the crosstalk between acetylation of YAP and P53, YAP was then overexpressed in A549 cells under MMS treatment. Interestingly, overexpression of YAP induced marked decreases of acetylated P53 and γH2AX levels with MMS treatment ( Figure 2C ). Conversely, when YAP was knocked down by short hairpin RNAs (shRNAs) in A549 cells, the P53 acetylation levels were enhanced in both A549 cells with, or without MMS treatment ( Figure 2C ). The expression level of YAP was also examined by Western blotting ( Figure 2B ). Collectively, these findings suggest that YAP can inhibit P53 acetylation.
To further determine the modulating role of YAP on P53 acetylation, we screened the acetylase and deacetylase with P53 as a substrate (Figure 1 ). We found that P300, CBP, and PCF are the major acetylases for P53, and HDAC1, HDAC2, HDAC3, HDAC6, HDAC8, and SIRT1 are the major deacetylases for P53. We also found that, SIRT1 is the major candidate for further analysis. SIRT1 is an important responder to MMS, which is upregulated after MMS treatment. 24 It has been well established that SIRT1 can decrease P53 acetylation and transcriptional activity. 19 More importantly, it has been found that YAP induced SIRT1 activation through the pro-proliferation effector MYC. 25 Therefore, we hypothesized that the suppressive effect of YAP1 on P53 acetylation is dependent on SIRT1. To confirm this, we examined the regulation of YAP on SIRT1 under MMS treatment. As expected, the MMS treatment induced upregulation of SIRT1, and overexpression of YAP led to a further enhancement ( Figure 2D ). In contrast, YAP depletion decreased the level of SIRT1 ( Figure 2D ). We also knocked down SIRT1 by siRNA and analyzed the expression level of SIRT1 by Western blotting (Figure 2B) . Results indicate that knockdown of SIRT1 can enhance the acetylation of P53 and the knockdown of YAP displayed further enhancement. In contrast, overexpression of SIRT1 can reduced the acetylation of P53 ( Figure 2E ). Together, our results indicate that, YAP induces deacetylation of P53 by activating SIRT1.
YAP Increases The Deacetylation Of P53 And Promotes Cell Survival
Deacetylation of P53 has a profoundly negative impact on the capacity of P53 to induce the expression of target genes involved in the cell cycle and apoptosis. We then investigated whether YAP-induced deacetylation of P53 can affect P53's function on the cell cycle and apoptosis. First, we checked the protein levels of P53 targets and downstream effectors involved in cell cycle modulation (P21 and P27) and apoptosis (BIM and PUMA) after overexpression or knockdown of YAP under MMS treatment. Consistent with the above findings, we found that MMS treatment enhanced the expression of P53 targets, and YAP inhibition induced further enhancement ( Figure 3A) . In contrast, overexpression of YAP attenuated the MMS-induced promoting effect on the expression of P53 targets ( Figure 3A ). Second, we tested the role of YAP in the regulation of mRNA expression of P53 targets. Consistent with the results of proteins expression, P21, P27, BIM, and PUMA were mostly upregulated under MMS treatment, and showed even more elevation after YAP depletion, while they were downregulated after the overexpression of YAP ( Figure 3B ). Third, we assessed the effect of YAPinduced P53 deacetylation on cell phenotypes, especially cell cycle modulation and apoptosis. As expected, MMS treatment induced G0/G1 arrest in A549 cells. YAP deletion enhanced this effect, while YAP overexpression attenuated this effect ( Figure 3C ). In addition, the apoptosis rate of A549 cells increased after MMS treatment and was further enhanced by YAP depletion, while weakened by YAP overexpression ( Figure 3D ). We further evaluated the in vivo effectiveness of YAP in mice bearing tumors originating from A549 cells. As expected, YAP OE promoted tumor growth, and P53 KD further enhanced this effect ( Figure 3E and F) . These results demonstrate that, YAP decreases P53 transcriptional activation and promotes cell survival by inhibiting P53-induced G0/G1 arrest and apoptosis. 
P53 Enhances YAP Acetylation
To investigate whether YAP underwent a qualitative change in response to MMS treatment, we performed similar time-and dose-dependent kinetics of YAP acetylation assays. Findings showed that, MMS treatment also resulted in increased acetylated YAP, as well as the γH2AX levels and that, MMS treatment with 1mM for 2 hrs was the optimal conditions for subsequent experiments ( Figure 4A ). The control group was set as the one with IgG antibody. These results show that endogenous YAP is also acetylated in response to MMS treatment, and MMS treatment induced the DNA damage.
To confirm the crosstalk between acetylation of P53 and YAP, P53 was then overexpressed in A549 cells under MMS treatment. P53 overexpression significantly elevated the acetylated YAP and γH2AX levels with MMS treatment ( Figure 4C ). Conversely, P53 depletion resulted in marked decreases of YAP acetylation levels in A549 cells both with, or without MMS treatment ( Figure 4C ). The expression level of P53 were also examined by Western blotting ( Figure 4B ). Collectively, these findings suggest that P53 can enhance YAP acetylation. We also confirmed these findings by immunofluorescence assays in A549 cells. This was consistent with previous evidence that showed MMS treatment induced YAP nuclear translocation and P53 knockdown resulted in a further enhancement, while P53 overexpression decreased the YAP nuclear translocation in A549 cells both with, or without MMS treatment ( Figure 4D ). Those results have been demonstrated in our previous studies. 20 To understand the mechanism underlying these observations, we screened the acetylase and deacetylase with YAP as a substrate (Figure 1 ). It is well known that, P300 and CBP are the major acetylases for YAP and SIRT1 is its major deacetylase. More importantly, previous work has shown that, P53 inhibited SIRT1 activation by suppressing the pro-proliferation effector MYC, 26 and SIRT1 regulates YAP-mediated cell proliferation and chemoresistance in hepatocellular carcinoma. 20 Therefore, we hypothesized that SIRT1 is also required for the promoting effect of P53 on YAP acetylation. We then assessed the regulation of P53 on SIRT1 under MMS treatment. As expected, MMS treatment induced upregulation of SIRT1, and knockdown of P53 displayed a further enhancement ( Figure 4E) . In contrast, P53 overexpression decreased the level of SIRT1 ( Figure 4E) . Given that the overexpression of P53 could enhance the level of YAP acetylation, and knockdown SIRT1, displayed further enhancement. In contrast, SIRT1 overexpression decreased the level of YAP acetylation ( Figure 4F ). Taken together, these results indicate that P53 induces acetylation of YAP by inactivating SIRT1.
P53 Increases The Acetylation Of YAP And Cell Death
We then investigated whether P53-induced acetylation of YAP can affect the YAP function on the cell cycle and apoptosis. First, we checked the protein levels of YAP downstream effectors involved in cell cycle modulation and apoptosis (CTGF, Cycline E, MYC, and DIPA) after overexpression or knockdown of P53 under MMS treatment ( Figure 5A ). Consistently, A549 cells with MMS treatment exhibited decreased protein expression of these YAP downstream effectors, and P53 overexpression led to further inhibition ( Figure 5A ). In contrast, P53 knockdown recovered the MMS-induced suppressive effect on the expression of these YAP downstream effectors ( Figure 5A ). Second, we tested the role of P53 in the regulation of mRNA expression of these YAP downstream effectors. Consistent with the results of immunoblotting, CTGF, Cyclin E, MYC, and DIPA were mostly downregulated under MMS treatment and showed greater inhibition after P53 overexpression, while they were substantially elevated after knockdown of P53 ( Figure 5B ). Third, we examined the effect of P53-induced YAP acetylation cell phenotypes. As expected, MMS treatment induced G0/G1 arrest in A549 cells and P53 overexpression enhanced this effect, while P53 deletion attenuated this effect compared to controls ( Figure 5C ). Additionally, the apoptosis rate of A549 cells increased after MMS treatment and was further enhanced by P53 overexpression, while weakened by P53 depletion ( Figure 5D ). We further evaluated the in vivo effectiveness of P53 in mice bearing tumors originating from A549 cells. As expected, P53 OE induced inhibited tumor growth, and YAP KD further enhanced this inhibitory effect ( Figure 5E and F). These results further indicate that P53 decreases YAP transcriptional activation and inhibits cell survival by strengthening YAP acetylation induced G0/G1 arrest and apoptosis.
SIRT1 Is Responsible For Deacetylation Of YAP And P53
SIRT1 is a class III deacetylase. Overexpression of SIRT1 could enhance the level of YAP and decrease the level of P53, while knockdown of SIRT1 displayed an opposite result ( Figure 6A ). This indicated that SIRT1 is responsible for YAP and P53 expression. We also confirmed these findings by immunofluorescence assays in A549 cells, showing that MMS treatment induced YAP nuclear translocation and SIRT1 overexpression resulted in further enhancement, while SIRT1 knockdown decreased the YAP nuclear translocation in A549 cells both with, or without MMS treatment ( Figure 6D ). P53 was the first non-histone protein found to be acetylated in which acetylation competes to modify lysine residues that are also ubiquitinated, sumoylated, and methylated. When P53 is deubiquitinated by HAUSP, P53 can be acetylated at four well-known lysines (K120, K370, K373, and K382) by CBP and P300, leading to the transactivation of various P53 transcriptional targets. 27, 28 Thus, we investigated whether SIRT1 deacetylates P53 at these lysines. The total P53 protein was first immunoprecipitated and then immunoblotted with acetylated lysine antibodies recognizing acetyl-P53 K382 , acetyl-P53 K373 , acetyl-P53 K370 , and acetyl-P53 K120 . After MMS treatment, there were significant increases of acetylation at K370, K373, and K382 lysines in in A549 cells, whereas no significant change was observed at K120 acetylation ( Figure 6B ). These results provided evidence that MMS is involved in promoting acetylation of specific residues in P53.
We further evaluated the impact of SIRT1 on these residues' acetylation in P53 and found that overexpression of SIRT1 inhibited the acetylation at all four residues ( Figure 6B ). Conversely, SIRT1 depletion elevated acetylation at the K370, K373, and K382 residues ( Figure 6B ), whereas no significant changes were observed at K120. These observations demonstrate that SIRT1 is involved with P53 acetylation of specific residues, including K370, K373, and K382.
The crosstalk between YAP and P53 also encouraged us to dissect the involvement of SIRT1 in YAP acetylation. The nuclear acetyltransferases CBP and P300 are responsible for YAP acetylation that occurs on specific and highly conserved C-terminal lysine residues K494 and K497. Thus, we hypothesized that SIRT1 is also involved in YAP acetylation at these two residues. To test this, the total YAP protein was first immunoprecipitated and then immunoblotted with acetylated lysine antibodies that recognize acetyl-YAP K494 and acetyl-YAP K497 . Consistent with a previous finding that, MMS-induced DNA damage causes acetylation of K494 and K497 of YAP, 29 we also observed increased K494 and K497 acetylation in YAP under MMS treatment. When SIRT1 was overexpressed in A549 cells, the K494 acetylation was significantly inhibited, whereas the K497 acetylation exhibited no changes ( Figure 6C ). In contrast, knockdown of SIRT1 substantially enhanced K494 acetylation in A549 cells both with, or without MMS treatment. These observations indicate that SIRT1 is involved in YAP acetylation of specific residues, especially K494.
Discussion
We have demonstrated previously undescribed posttranslational crosstalk between the tumor suppressor protein P53 and YAP. This regulatory mechanism provides a molecular explanation for how the cell can integrate the divergent functional consequences of P53 and YAP activation. Using bioinformatics analyses, we found putative crosstalk between acetylation of YAP and P53. Through numerous biochemical experiments, we showed YAP enhanced the P53 deacetylation and inhibited P53 transcriptional activation, which prevented cell G0/G1 arrest and apoptosis. In contrast, the acetylation of YAP was promoted by P53, which led to decreasing YAP transcriptional activation, and promoting effects on cell G0/G1 arrest and apoptosis. Of note, the deacetylase SIRT1 was shown to be responsible for this negative feedback between the P53 and YAP signaling pathways. Furthermore, we showed that SIRT1 was involved with the P53 acetylation of specific residues (K370, K373, and K382), and the YAP acetylation of K494 residue. Together, these results demonstrate competition between P53 and YAP for limiting quantities of SIRT1 and provide a new paradigm of crosstalk between P53 and YAP which may be involved in lung tumorigenesis.
The implications are numerous. It is well known that both the Hippo pathway and P53 act as tumor suppressors to induce senescence and apoptosis. The Hippo pathway is mediated by the canonical function of inhibiting YAP and TAZ oncogenic activation, while P53 functions as a tumor suppressor in response to stress conditions. 30 The cooperation between the wild-type P53 protein and the Hippo components, including YAP, can induce cell cycle arrest and apoptosis, contravening tumor transformation and progression. It was recently revealed that, P53 and YAP share a common transcriptional program showing a significant overlap with gene signatures primarily involved in cell cycle regulation. 31 Our results suggest that, one factor influencing cell survival is the ability of P53 to decrease Sequestration of SIRT1 is likely to be understood as an increasingly common mechanism reducing acetylation of targets, including many transcriptional factors, including P53, E2F1, FOXO, NF-κB, c-Myc, and YAP. 32 The interaction of SIRT1 with tumor-suppressor proteins and oncoproteins implicates its role in cancer development and progression. 33 SIRT1 deacetylates YAP2 protein, and that deacetylation upregulates the YAP2/TEAD4 association, leading to YAP2/TEAD4 transcriptional activation and cell growth in HCC cells. 20 The key role of SIRT1 is exhibited through its specific interaction with P53 via P53 deacetylation at C-terminal lysine-373 and 382 residues in the NAD+-dependent manner. 34 This action decreases P53-mediated transcriptional activity and reduces the expression of its targets, such as p21 (cell cycle inhibitor) and PUMA (modulator of apoptosis). 19 Therefore, SIRT1 could inhibit P53-dependent cell cycle arrest and apoptosis, which facilitates cell death mechanism, while meanwhile enhancing the DNA repair mechanism to facilitate the maintenance of genomic stability. This would have a promoting effect on cell survival and proliferation. 19 Thus, both P53 and YAP are substrates of SIRT1, and function as competitors for SIRT1. This crosstalk between P53 and YAP governs the balance of cell fate decisions in normal human cells. However, the P53 coding gene is frequently mutated in human cancers (50-70% of cases), and most of these mutations are of missense type. 35 Knock-in mice with P53 missense mutations provided evidence that some mutant P53 exert pro-tumorigenic activities. 36 We propose that the axis of P53-SIRT1-YAP may be perturbed by the somatic mutations of P53, resulting in the transformation of a normal cell into a cancerous cell. The cell lines used in this study are adenocarcinomic human alveolar basal epithelial cells carrying wild-type P53. Thus, further work is needed to investigate the dysregulation of this newly identified regulatory axis.
Conclusion
The present study demonstrated a novel post-translational crosstalk between P53 and YAP, potentially through the competition for the deacetylase SIRT1. Notably, this P53-SIRT1-YAP axis is important for cell cycle transition and apoptosis, while dysregulation of either of P53 or YAP can lead to the other competitor-induced transcriptional activation and cell phenotypes. Given the high mutation rate of P53 in cancers, it is possible that novel lung cancer therapies based on reactivation of wild-type P53 function might benefit from cooperation with YAP to promote a beneficial outcome.
